Conclusion-The failure to detect increased damage to DNA in peripheral lymphocytes by alkaline single cell gel electrophoresis suggests that the sewage workers studied here were not exposed to genotoxic agents to a greater extent than other municipal workers. It may be, however, that the lymphocyte is not the appropriate target cell to study, or that sewage workers are exposed to carcinogens which do not damage the genetic material.
mutagenic activity has been reported in the urine of sewage workers.5 Sludge from waste water treatment plants has been analysed for mutagenicity with varying results.6 7 The exposures which take place during sewage treatment may vary at different locations within one plant.8 The content of municipal waste water may also vary between communities. Industries that use the municipal waste water treatment plant for disposal of industrial waste may sometimes be an important source of specific exposures. 9 The many and varied exposures of sewage work make it difficult to find specific carcinogens that could be related to an observed increased risk of cancers and instead of searching for specific genotoxic carcinogens in the environment, the biological markers of genotoxicity could act as a proxy for exposure to carcinogenic substances. In the present study we used alkaline single cell gel electrophoresis, also known as the comet assay, to measure DNA damage among sewage workers. Alkaline single cell gel electrophoresis is a sensitive technique for detecting single strand breaks and alkali labile sites in DNA induced by various types of genotoxic agents, as well as ionising radiation."" Although there is variation both within and between people when following up people over time, this method gives stable measures of DNA damage at a group level when studying unexposed subjects. '3 The hypothesis tested in this study was whether sewage workers had increased DNA damage due to occupational exposure to genotoxic agents as measured by the comet assay on peripheral lymphocytes. This study was also our first test of the comet assay in active service conditions in an epidemiological study. The Ethics committee of the Faculty of Medicine, Uppsala University approved the study and all subjects gave their informed consent to participate.
Subjects and methods Thirty five (92%) of 38 sewage workers employed at the municipal sewage plant in Uppsala and 30 (79%) of 38 invited controls participated in the investigation. The controls were selected from among municipal construction workers not working in the sewage treatment process, and were matched for age (five years) and present smoking habits (tobacco smoker or non-smoker). Matching for sex was not entirely possible due to limited numbers, thus five female employees at the sewage plant but only one female control participated in the study. The mean (SD) age of the 65 subjects was 45.7 (8.7) years, and 18 were smokers. Each sewage worker and his or her matched control were invited on the same day for blood sampling.
ASSESSMENT OF EXPOSURE AND PERSONAL FACTORS
Data about workplace exposures, medical history, and lifestyle factors were collected through a questionnaire and supplemented by a personal interview conducted by a physician. The data showed that some controls were occasionally exposed to waste water in their present job-for instance when repairing leaking sewers. Therefore, three models for allocation into exposure groups were used for the statistical analyses, to minimise any bias due to misclassification of exposure. For all three exposure classifications we required those considered to be exposed to have had at least eight hours of occupational exposure to waste water or sludge each week during the two weeks preceding the blood sampling. This cut off distinguished between the workers with regular tasks close to the sewage treatment process and the administrative personnel at the plant. In the first exposure classification (A) all the sewage workers and all the construction workers who had worked in sewage contaminated environments, and had been exposed for at least eight hours in two weeks, were considered to be exposed. The remaining workers were all classified as controls. For the second classification (B), only sewage workers who had been exposed for at least eight hours in two weeks were classified as exposed, whereas all others were used as controls. For the third exposure classification (C) the controls were restricted to those who had absolutely no occupational exposure to sewage, whereas the exposed group were the same as in B. All six women were considered as controls for classifications A and B and they were rejected in C. Information was also collected about possible confounding exposures during the previous week (tobacco smoking, alcohol consumption, occupational exposure to organic solvents, ongoing infections, heavy physical exertion, intake of vitamins, and medical procedures causing genotoxic exposure, such as ionising radiation or cytostatic drugs).
BLOOD SAMPLING AND ISOLATION OF LYMPHOCYTES
Venous blood (5 ml) was collected by routine venepuncture into a sterile tube with heparin (Vacutainer, Becton Dickinson, NJ, USA).
The blood samples (one to eight subjects on each occasion) were collected between 8 00 and 10 00 am, coded, and kept on ice until the lymphocytes were isolated (usually within two hours after the blood sampling) on a density gradient of Percoll (Pharmacia LKB, Uppsala, Sweden) by a procedure described previously." The isolated single cell suspension mainly consisted of viable lymphocytes (>99% viability).
ANIMALS AND CHEMICALS
To ensure the validity of the assay, one mouse exposed to a control mutagen (cyclophosphamide) and one unexposed mouse were included each day; 24 mice were used in total. The animals, 18-22 g female C57BL/6 mice (B and K, Uppsala, Sweden), were allowed free access to tap water and a standard pellet diet (Ewos AB, Sodertalje, Sweden) and kept at 230C with a 12/12 hour light/dark cycle. Sixteen hours before each blood sample was taken, one mouse was given an intraperitoneal injection of physiological saline (10 jl/g body wt) and at the same time another was injected with a freshly prepared solution of cyclophosphamide in physiological saline (150 mg/kg body wt). On the day of the blood sampling, the animals were killed by CO2 asphyxiation and 0.5 ml blood was collected as described previously.'4 Unless stated otherwise, all chemicals were of analytical quality and purchased from Sigma Chemical, St Louis, MO, USA.
ALKALINE SINGLE CELL GEL ELECTROPHORESIS AND EVALUATION OF DNA DAMAGE
The comet assay was performed under alkaline conditions by a slightly modified procedure described in detail elsewhere.'0 14 Briefly, a mixture of an aliquot of 10 il of a freshly prepared suspension of lymphocytes and 75 pl 0.6% low melting point agarose (International Biotechnologies, New Haven, USA) in Dulbecco's phosphate buffered saline (PBS) (pH 7.4) was layered on top of a microscope slide (Menzel, Germany) precoated with low melting point agarose. After lysis for one hour at 40C in 2.5 M NaCl: 100 mM Na2-EDTA: 10 mM Trizma base: 1% sodium lauryl sarcosinate (pH adjusted to 10 with NaOH), adding 1% Triton X-100 and 10% dimethyl sulphoxide (DMSO) just before use, the slides were transferred to a separate tank containing electrophoresis buffer (1 mM Na2-EDTA and 300 mM NaOH, pH > 13). After unwinding of DNA for 30 minutes at 1 (44), and for the human subjects (exposed and unexposed combined) 42 (21).
There were no differences in the standardised mean tail moment, mean tail inertia, or mean tail length of the pooled lymphocytes from the exposed workers and their controls (table 1) . In a paired comparison of the subjects matched for age, tobacco smoking, and day of blood sampling, with each subject's standardized mean tail moment as the indicator of DNA damage, workers exposed to sewage and controls were found to have the same level of damage (table 2) . Discussion This study gave no indication that sewage workers have increased damage in the DNA of lymphocytes as measured by the comet assay, but this does not necessarily contradict the previous findings of an increased incidence of cancers.
The validity of the present study was probably not affected by the loss of subjects invited to the study. Nor do we consider the magnitude of the loss critical for the conclusions of the study or that it is likely that there has been any selection of possible genotoxic exposures in either group. Exposure misclassification could have had an effect as several controls had occasional exposure to waste water and this possibility was considered in the data analysis by the use of three different exposure classifications.
One potential source of error in any study may be instability in measurements when they are performed on several different occasions. A variation in the outcome measures used in the biomonitoring of genotoxic agents may have several causes including the actual effect of the exposure under study, a contribution from background exposures, differences in susceptibility to genotoxic agents, and technical variability in the assay. Potential sources of error in the comet assay have been analysed in a recent study, and the results applied to the present study.' When studying populations with low level exposures, probably close to the normal background level, one has to analyse samples from more people than can be processed simultaneously with techniques presently used. The day to day stability of the method must therefore be ensured, and any possible variability compensated for in the study design, or in the statistical analyses. In the present study we attempted to correct this problem in several ways. Day to day variation in the laboratory procedure was considered by sampling the exposed subject and matched control on the same day, analysing their samples in the same batch, and performing the statistical analysis in pairs. As both groups of workers had jobs requiring occasional emergency work, we lost several pairs as they could not attend for testing on the same day, and we therefore lost power in the paired analyses. Standardisation of the measures of human DNA damage against the negative mouse controls also improved the day to day stability of the method. The rationale for using this standardisation is our assumption that the untreated mouse data, to some extent at least, reflect the drift in laboratory conditions. The inbred and uniformly treated mice are probably homogenous for possible confounding and exposures of importance for the outcome measures studied.
The lack of increased primary DNA damage may be due to the use of an inappropriate outcome measure. We used lymphocytes as target cells because they are easily obtained but it may be that they are not the best cell type to use for the assessment of genotoxic damage in those organs in which cancer has been reported among sewage workers. The single cell gel assay is insensitive to DNA damage induced in mouse lymphocytes by repeated oral doses of benzo(a)pyrene whereas mouse hepatocytes do show such damage.'4 On the other hand, lymphocytes are highly sensitive to other known genotoxic substances such as cyclophosphamide." 12 There are several possible explanations as to why our failure to show increased primary DNA damage in the sewage workers is not at odds with previous findings of an increased risk of some types of cancers, besides the possibility that the previously observed risks are chance findings. One may be the difference in time of the exposure in the epidemiological studies and the present study. Thus the cancer incidence studies reflect exposure which took place more than 10 years ago and current exposures may be insufficient to constitute a cancer risk.
Improvements in the working conditions at the sewage plants during the past decades may have substantially reduced the level of exposure to genotoxic substances. It is also possible that the cancers found were caused by exposures specific to certain plants, or by epigenetic carcinogens which are not detected by the comet assay. One ofthe cancers that has been found in excess among sewage workers is gastric cancer, which has recently been connected with infection by Helicobacterpylori. However, in a recent study we found no increase in this infection in sewage workers. 1 This study of genotoxic damage in lymphocyte DNA from sewage workers had two purposes. The first was to discover possible genotoxic exposures among sewage workers, and the second was to test the comet assay in an epidemiological study outside the laboratory. Our primary conclusion was that we found no evidence to suggest that sewage workers have a greater exposure to genotoxic substances than other municipal workers. For the second objective, the comet assay proved to be practicable as an adjunct to an epidemiological study, although demanding. This report has shown that there are several pitfalls in performing epidemiological studies with molecular genetic assays and not just with the comet assay. There is a need to develop and evaluate the comet assay further to make it a standardised routine method for epidemiological studies. As for other presently used molecular bioassays, there is a need to characterise the doseresponse relations when using it for exposure assessment, especially at the low level exposures that are of interest in environmental epidemiology. It will also be necessary to describe the relations of the assay to the effect of interest which, in this study, was cancer. 
